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Fabry-Perot cavity resonance
enabling highly polarizationsensitive double-layer gold grating
Jehwan Hwang1,2, Boram Oh1,3, Yeongho Kim1, Sinhara Silva4, Jun Oh Kim1,
David A. Czaplewski 5, Jong Eun Ryu3,6, Eun Kyu Kim 2, Augustine Urbas7,
Jiangfeng Zhou 4, Zahyun Ku7 & Sang Jun Lee1
We present experimental and theoretical investigations on the polarization properties of a singleand a double-layer gold (Au) grating, serving as a wire grid polarizer. Two layers of Au gratings
form a cavity that effectively modulates the transmission and reflection of linearly polarized light.
Theoretical calculations based on a transfer matrix method reveals that the double-layer Au grating
structure creates an optical cavity exhibiting Fabry-Perot (FP) resonance modes. As compared to a
single-layer grating, the FP cavity resonance modes of the double-layer grating significantly enhance
the transmission of the transverse magnetic (TM) mode, while suppressing the transmission of the
transverse electric (TE) mode. As a result, the extinction ratio of TM to TE transmission for the doublelayer grating structure is improved by a factor of approximately 8 in the mid-wave infrared region of
3.4–6 μm. Furthermore, excellent infrared imagery is obtained with over a 600% increase in the ratio of
the TM-output voltage (Vθ = 0°) to TE-output voltage (Vθ = 90°). This double-layer Au grating structure has
great potential for use in polarimetric imaging applications due to its superior ability to resolve linear
polarization signatures.
Infrared (IR) imaging systems have been widely used in many areas, especially remote sensing, surveillance,
and medical diagnosis1. Over the past years, there have been considerable efforts in the development of IR sensors for advanced imaging systems such as multicolor functionality, polarization imaging and high frame rate
operation. Conventional IR imaging systems typically use reflected light and emitted thermal radiation from
objects in the short-wave (1.4–3 μm), the mid- (3–5 μm) and the long-wave (8–14 μm) IR regions to generate
thermal intensity images. Recently, the polarimetric imaging system has attracted much attention as one of the
fourth generation IR imaging systems because of its capability to collect polarization signatures from a scene
of interest2,3. Compared to physical quantities such as intensity and wavelength of light, polarization, which is
described as the orientation of the transverse electric field, has not been utilized in IR imaging systems. The use
of polarization enables the detection and identification of targets from cluttered backgrounds with no thermal
contrast by discriminating the polarization states of emitted and/or reflected light, which are determined by their
geometry and surface roughness3,4. In addition, surface orientation and texture of objects can be characterized by
measuring the degree of polarization (DoP) of light, given by the ratio of the polarized light intensity to the total
light intensity2,5. The DoP varies between 0 (completely unpolarized light) and 1 (completely polarized light).
Moreover, the polarization-based imaging technique is very useful in the classification of materials such as metals
and dielectrics6. This is because the DoP of the specularly reflected light from a dielectric surface is much larger
than that from a metal surface. Usually, polarimetric imaging is implemented by adjusting a conventional linear
polarizer and a quarter-wave plate in front of an imager to obtain the polarimetric contrast between objects and
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Figure 1. (a) Schematic illustration of the double-layer Au grating composed of the dielectric spacer situated
between identical Au gratings. Here, p is the Au grating periodicity (1 μm), w is the Au grating width (0.7 μm),
tAu is the metal thickness (0.1 μm), and tBCB is the BCB thickness (0.25 μm) between the gratings. (b) Tilted-view
and (c) cross-sectional-view scanning electron microscope (SEM) images of the double-layer Au grating.

backgrounds. However, this imaging system is bulky, clumsy, and incapable of acquiring polarimetric images in
real time.
Recent advances in micro/nanofabrication techniques enable on-chip integration of micro-/nanoscale materials and devices7,8. For instance, subwavelength one-dimensional metal line arrays (a single-layer 1D grating acting
as a wire grid polarizer) capable of being integrated on a chip offers a high extinction ratio, which is defined as
the ratio of the transmitted intensity of TM-polarized light to that of TE-polarized light due to high polarization
sensitivity in a broad range of wavelength and angles of incidence8. High transmission efficiency can also be
obtained by strong coupling of the evanescent fields on both grating surfaces under appropriate conditions and
by waveguide resonances inside the slits of the grating9. A pixelated microgrid polarizer array with various types
of single-layer elements such as metallic grating, liquid-crystal guest-host, and elliptical Si nanowire is integrated
into complementary metal-oxide-semiconductor (CMOS) image sensors and Si photodetectors for polarimetric
imaging10–16. The pixelated imaging system uses a superpixel consisting of a 2 × 2 array of four adjacent pixels
with 0°, 45°, 90°, and 135° orientated 1D gratings in order to collect the intensity information of polarized light,
and thereby the three Stokes parameters, namely S0, S1, and S2 for linear polarization, can be estimated. The performance of the microgrid polarizer is further enhanced by employing two or more layers of subwavelength 1D
gratings. It is known that a strong coupling between the evanescent fields on the surfaces of layered metals results
in a high TM transmission17. Additionally, TM transmission and the incidence angle that gives the maximum
TM transmission can be controlled by adjusting the lateral shift between the layered metal layers and the grating
pitch, respectively17–19.
In this work, we investigate the transmission and polarization properties of single-/double-layer subwavelength Au gratings. It is demonstrated experimentally and theoretically that the double-layer Au grating shows
superior transmission properties (i.e., high TM transmission and low TE transmission) as compared to the
single-layer Au grating. A multiple-layer model based on the transfer matrix method reveals that both the TM
transmission and the extinction ratio of the double-layer Au grating can be improved by selecting an appropriate thickness of a dielectric embedded between two layers of the Au grating, leading to a Fabry-Perot cavity
resonance. In addition, radiometric measurement with our fabricated 320 × 256 type-II InAs/GaSb superlattice
IR focal plane array (FPA) sensor validates that the double-layer Au grating produces IR images with much
improved extinction ratio, evaluated from the output pixel values for TM- and TE-polarizations. Our developed
multiple-layer model is very widely applicable to the design of an upper metal grating-dielectric-lower metal
grating system capable of exciting Fabry-Perot cavity resonance by carefully controlling the propagating phase
factor of dielectric spacer.

Fabrication of double-layer Au grating

Double-layer gold (Au) grating structure was fabricated on a Si substrate using a UV-nanoimprint lithography
(UV-NIL) process. The geometry and dimensions of the double-layer Au grating structure are illustrated in
Fig. 1a: periodicity (p) = 1.0 μm; width (w) = 0.7 μm; and Au thickness (tAu) = 0.1 μm. A 300 nm-thick polymethylmethacrylate (PMMA) resist was spin-coated on a Si substrate and soft-baked at 180°C on a hotplate for
90 sec. A UV-curable NIL resist (UVP, EZimprinting) was spun on top of the PMMA for the NIL process. A
polydimethylsiloxane (PDMS) mold with the grating pattern was imprinted onto the UV resist at a pressure of 10
PSI for 2 minutes using a commercial nanoimprinter (PL-400, EZimprinting), followed by UV radiation curing.
After demolding, the residual UV resist and PMMA were anisotropically etched by CHF3/O2 and O2 plasma in a
reactive-ion-etch (RIE), respectively. An Au layer was deposited by electron beam evaporation of Cr (5 nm)/Au
(100 nm) and lift-off. The same NIL process was repeated to fabricate the upper Au grating, which was vertically
aligned with the lower one. The detailed fabrication can be found in Figs S1, S2 (Supplementary Information).
The upper and lower Au gratings were separated by a dielectric spacer of 0.25 μm-thick benzocyclobutene (BCB).
BCB has the advantages of a frequency-independent refractive index (n ≈ 1.54) with a low loss (k ≈ 10−4) in the
mid-wave infrared region (MWIR, 3–5 μm), a good adhesion to metal and semiconductor, and a low curing temperature (180–250 °C). Figure 1c shows the cross-sectional SEM image of the fabricated double-layer Au grating.
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Figure 2. FTIR measured transmission spectra of (a) TM and (b) TE-polarized incident light and (c) extinction
ratio of the single- and double-layer Au grating structures (p = 1.0 μm, w = 0.7 μm, tAu = 0.1 μm, tBCB = 0.25 μm).

Notably, the spin-coated BCB on the lower Au grating has an excellent flatness, which enables high alignment
accuracy and good pattern fidelity for the fabrication of the upper Au grating.

FTIR-transmission contrast of the fabricated single- and double-layer Au gratings

The transmission spectra of both single- and double-layer Au gratings for normally incident TE and TM polarized lights were measured in the wavelength range of 2–6 μm by an Agilent Technologies Cary 670 Fourier
transform infrared (FTIR) spectrometer. As shown in Fig. 1a, the TE (TM) polarization is defined as a polarization state, where the electric field orientation is parallel (perpendicular) to the Au grating. The FTIR beam
was linearly polarized along either the TE or the TM direction by a commercial wire grid polarizer and the
FTIR-measured transmission spectra were recorded with a resolution of 2 cm−1 using a liquid nitrogen-cooled
mercury-cadmium-telluride detector. Figure 2a,b show the measured transmission spectra for the TM and TE
modes of single- and double-layer Au grating structures. Distinctive transmission dips in the TM transmission
spectra for both single- and double-layer Au grating structures are observed at ~3.4 μm, which are caused by the
first-order surface plasmon polariton (SPP) resonances at the interface between the lower Au grating and the
Si substrate. The TM transmission of a single-layer Au grating structure increases monotonously in the MWIR
region of 3.4–6 μm. Meanwhile, TM transmission of a double-layer Au grating structure in the MWIR region
increases quickly, and then decreases relatively slowly after reaching a peak transmission at ~4.5 μm. The experimental TM transmission spectrum of the double-layer Au grating will be compared with the theoretical calculations in the following discussion. In the region of 3.4–6 μm, the double-layer Au gratings structure exhibits a
higher TM transmission over the wavelength region of interest compared to the single-layer Au grating structure.
In Fig. 2b, TE transmission of the double-layer Au grating structure is more than a half order of magnitude
lower than that of the single-layer Au grating structure. This is due to the sequential attenuation of the electric
field (Ey) of the incident radiation through the upper and lower Au gratings, caused by a reflection from the Au
grating surfaces and a restricted propagation of the TE modes through the subwavelength periodic 1D arrays7.
The extinction ratio, used as a performance indicator of the gratings, is calculated from the ratio of the TM to the
TE transmission. As indicated in Fig. 2c, the double-layer Au grating structure offers nearly eight times higher
extinction ratio than the single-layer Au grating structure in the wavelength range of 2–6 μm. The dips of the
extinction ratio spectra at ~3.4 μm due to the SPP resonance, causing a degradation of the extinction ratio, can
be shifted to shorter wavelength by reducing the grating period and/or increasing the index of refraction of the
spacer (n < nsubstrate is required)20.

Analysis of double-layer Au grating by a multiple-layer effective medium model

A multiple-layer effective medium model was employed to better understand the underlying mechanism
of wave propagation inside the double-layer Au grating structure (p = 1.0 μm, w = 0.7 μm, tAu = 0.1 μm, and
tBCB = 0.25 μm) as displayed in Fig. 3a. In this model, the gratings are considered as continuous surfaces that
reflect the light speculary because the wavelength of light in the BCB layer is much larger than the period of
grating p in the region of 3.4–6 μm. The overall reflection and transmission coefficients of the double-layer grating depend on the transmission and reflection of each grating layer and can be obtained by a transfer matrix
method21,22. Using this method, the overall transfer matrix of the entire double-layer grating is calculated by the
multiplication of the transfer matrix of each layer
M = Mupper ⋅ MBCB ⋅ Mlower

where MBCB, Mupper and Mlower are the transfer matrices for the BCB, the upper and lower grating layers, respectively. The overall reflection and transmission coefficients r, t as expressed below in equation (1), can be obtained
through the correlation between the total transfer matrix, M, and S-parameters21,22,
r=

r12 + αr23e−2iβ
1 − r21r23e−2iβ
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Figure 3. (a) Schematic diagram of the transmission and the reflection coefficients of the double-layer Au
grating. (b) Transmission and reflection spectra obtained by a full-wave simulation (based on FIT) of the actual
double-layer Au grating structure and the analytical calculation (using the multiple-layer model). (c) Phase
terms, φ(r21), φ(r23), 2β, γ in the FP cavity resonance condition.

where r12 and r21 are the reflection coefficients at the front and the back sides of the upper Au grating, respectively.
r 23 is the reflection coefficient from the lower Au grating and β is the propagating phase factor of
β = nBCB ⋅ k ⋅ tBCB in the BCB layer, where nBCB, k, and tBCB are the refractive index of BCB, the wave vector in
free space, and the BCB thickness, respectively. α ( ≈ 1) is given by t21t12 − r21r12, where t12 and t21 are the forward
and the backward transmission coefficients through the upper Au grating, respectively. Figure 3b shows the
reflection R and transmission T spectra obtained by using equation (1) based on the multiple-layer model and by
numerical simulation of the entire double-layer grating. In the multiple-layer model calculation, the transmission
and the reflection coefficients for each grating layer are also obtained through numerical simulations of the corresponding individual layers (air/upper Au grating-BCB and BCB-lower Au grating/Si) with more details elaborated in our previous works23–25. Our numerical simulations were performed by CST Microwave Studio26, which
uses a finite integration technique (FIT). In the simulations, the complex dielectric function of Au is assumed to
follow the Drude model with a plasma frequency of ω p = 1.38 × 10 16 Hz and a collision frequency of
ωc = 5.71 × 1013 Hz.
Theoretically calculated spectral shapes of TM-polarized light transmission through the sample (reconstructed transmission by the multiple-layer model and FIT-simulation) show similar trends as the measured
one in Fig. 2a, with a transmission dip at ~3.4 μm and a transmission peak at ~4.5 μm. Note that the amplitude
discrepancy between the experimental and the theoretical observations for the double-layer Au grating is possibly due to imperfections in the fabrication process. Furthermore, the calculated reflections and transmissions
from the multiple-layer model (symbols) are in good agreement with ones by FIT-simulation (solid lines) in the
MWIR region (Fig. 3b). A clear deviation of the calculated results from the FIT-simulation results is found in the
wavelength region of 2–3.4 μm because of the violation of the effective medium assumption, where the first-order
diffraction occurs below 3.4 μm.
The double-layer Au grating structure behaves as a Fabry-Perot (FP) cavity where multiple reflections occur
at two interfaces: the air/upper Au grating–BCB and the BCB–lower Au grating/Si. Note that the BCB thickness (tBCB = 0.25 μm) between the upper and the lower Au gratings was chosen to satisfy the FP cavity condition
(equation 2) for increasing the TM transmission intensity, and thereby improving the extinction ratio of the
double-layer Au grating structure as compared with the single-layer Au grating structure.
γ = φ(r21) + φ(r23) − 2β = 2mπ , m = 0, 1, 2, …

(2)

Constructive interference inside the spacer (between the upper and the lower Au gratings) occurs when the
round-trip propagation phase (γ) is equal to an integer multiple of 2π. As shown in Fig. 3c, the FP resonance
condition of γ = −2π is satisfied at ~4.2 μm, where the transmission reaches the peak value. The enhancement of
transmission is due to the maximum reduction of the reflection by destructive interference at the top surface of
the upper grating layer when the FP resonance condition is satisfied. γ is predominantly governed by the propagating phase factor β, and thus the BCB thickness has to be chosen carefully to improve the TM transmission
assisted by the FP cavity resonance. Another thing to note is that there is a slight difference (∆λ ≈ 0.3 μm) in the
wavelength of the peak transmission for simulation and calculation γ = −2π), which is probably attributed to the
coupling between SPP and FP resonance modes27.
Figure 4 shows the colormaps obtained by the multiple-layer model for the round-trip propagation phase and
the simulation of actual double-layer Au grating structures for TM transmission and extinction ratio as a function
of wavelength (2 μm ≤ λ ≤ 6 μm) and BCB thickness (0.05 μm ≤ tBCB ≤ 2 μm). In Fig. 4a, it can be clearly seen that
the number of round-trips, γ , is decreased with a fixed spacer thickness (tBCB) as the wavelength increases. As
aforementioned,γ is highly dependent on β (i.e., the refractive index nBCB and the thickness tBCB of the dielectric
spacer) since the phase terms of φ(r21) and φ(r23) tend to keep almost unchanged. Accordingly, nBCB and tBCB
should be considered as important determinants when designing double-layer grating structures. The white
dash-dot lines in Fig. 4 indicate where the FP cavity resonance condition for TM-polarized incident light is satisfied. In the wavelength range of 2–6 μm, the spectral position of the TM-transmission peaks for the double-layer
ScIEntIfIc RePOrts | (2018) 8:14787 | DOI:10.1038/s41598-018-32158-y
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Figure 4. (a) Colormap of the round-trip propagation phase, γ, as a function of wavelength, λ, and BCB
thickness, tBCB, for TM-polarized incident light. The white dash-dot lines indicate where the FP cavity resonance
condition of γ = − 2π , − 4π , − 6π is satisfied. Colormaps of (b) TM transmission (red dash line represents the
first-order SPP resonance at the interface of the lower Au grating/Si) and (c) extinction ratio obtained by CSTsimulation of the entire double-layer Au grating structure (blue regions of A1, A2, A3 have low extinction ratio
due to the transmission peaks for TE-polarized light). The black-horizontal lines in (a–c) denote the doublelayer Au grating with tBCB = 0.25 μm.

Au grating structure is mostly coincident with the position of the FP resonance modes as shown in Fig. 4b. The
lowest order of the FP cavity resonance condition (i.e., γ = −2π at tBCB = 0.25 μm) is the most suitable to realize
the broadband linear polarizer, i.e., for the spectral response that covers the wavelength range from 3 μm to 5 μm
(MWIR region). Hence, this double-layer grating structure can be used as a broadband wire grid polarizer with
high transmission efficiency and high extinction ratio. The red dash line indicates the (1, 0) SPP mode at the
interface of the lower Au grating and Si substrate, whose resonance wavelength is independent of tBCB. The regions
where the extinction ratio is low (blue) are clearly observed in Fig. 4c, marked as A1, A2, and A3. The degradation
of the extinction ratio is also associated with the FP resonance occurring between the two layers of Au grating
under TE-polarized incident light (not shown here). For TE-polarized incidence, the upper and the lower gratings act as a mirror with a high reflectivity (i.e., φ(r21) and (r23) ≈ π ) and thus equation (2) can be simplified to
β ≈ π(1 − m), where m = 0 and negative integers. So the BCB thickness can be derived as tBCB ≈ λ(1 − m)/2nBCB
and tBCB(λ) with m = 0, −1, −2 is well matched with A1, A2, and A3, respectively.

MWIR images for the linearly-polarized test target

An IR camera system was used to experimentally compare the linear polarization performance of the single- and
the double-layer Au grating structures28. The experimental set-up consists of an artificial target with linearly
polarized components (a blackbody, a commercial wire grid polarizer, a metal target), the fabricated single- and
the double-layer Au grating samples, and a 320 × 256 MWIR type-II InAs/GaSb superlattice based imager. The IR
radiation emitted by a blackbody at 300°C is linearly polarized upon passing through the wire grid polarizer,
which is followed by transmitting through the metal target and the fabricated sample, sequentially. Finally, it is
incident on the detector array of the MWIR camera. In order to capture the IR images with a variety of linear
polarization states through the metal target, we define the mutual angle θ between two polarization axes of the
fabricated Au grating and the wire grid polarizer. The mutual angle θ is varied from 0° to 360° with a step of 15°.
Figure 5b shows the selected IR images at θ = 0°, 45°, 90°, 135°, which are essential to calculate the Stokes parameters related to the linear polarization (S0, S1, S2) and the degree of linear polarization (DoLP). The IR images (for
the single- and the double-layer Au gratings) collected at θ = 0° are much brighter than those collected at θ = 45°,
90°, 135° because unpolarized IR light (emitted by a blackbody) transmitted through the wire grid polarizer is
linearly polarized perpendicular to the direction of Au grating. We can observe the drastic brightness-change of
IR images at θ = 0°, 45°, 135°, depending on the sample structure (single- or double-layer Au grating structure).
It can be estimated by the integral value of the transmission spectrum of the two structures (Fig. 2a) with respect
to the wavelength (Details will be provided in the following section). Contrarily, both structures at θ = 90° show
the darkest IR images since the transmitted light through the wire grid polarizer is linearly polarized parallel to
the direction of Au grating (Fig. 2b). Note that it is difficult to distinguish the difference between the IR images of
the two grating structures at θ = 90°. As will be addressed later, we extracted the digital output (voltage) from the
pixels of our fabricated 320 × 256 MWIR type-II InAs/GaSb superlattice based focal plane array (FPA) device in
order to accurately quantify the IR images at various mutual angles (θ). Also, the brightness in the IR images at
θ = 45°, 135° can be expected to be ~1/2 of one at θ = 0° due to Malus’ law stating that the transmitted intensity (by
the wire grid polarizer and the fabricated single- or double-layer Au grating) is proportional to the square cosine
of the mutual angle (~cos 2θ).
Averaged output voltages over 100 pixels and calculated IR radiant flux onto the FPA device by varying the
mutual angle (0 ≤ θ ≤ 360 , ∆θ = 15 ) are shown in Fig. 6. Note that our fabricated type-II superlattice
ScIEntIfIc RePOrts | (2018) 8:14787 | DOI:10.1038/s41598-018-32158-y
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Figure 5. (a) The diagram represents the experimental set-up to characterize the linear polarization
performance of the single- and the double-layer Au grating structures using an artificially linearly-polarized test
target (a blackbody, a commercial wire grid polarizer, and a metal target) and type-II superlattice based MWIR
camera. θ is the mutual angle of the two polarization axes of the wire grid polarizer and the fabricated Au
grating. (b) MWIR images captured using the single- and double-layer Au grating samples for test target at
θ = 0 , 45 , 90 , 135.

Figure 6. Digital output (voltage) extracted from the pixels of our fabricated 320 × 256 MWIR type-II InAs/
GaSb superlattice based imager and calculated incidence power of the FPA device as a function of the mutual
angle θ between two polarization axes of the fabricated Au grating and the wire grid polarizer.
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based MWIR camera records a 320 × 256-pixel image, however the region that captured the metal target is composed of 10 × 10 pixels. The output voltages in Fig. 6 were adjusted by subtracting the background noise due to
environmental temperature fluctuations from the measured ones29. The output voltages for the double-layer
(single-layer) Au grating structure quantitatively agree well with Malus’ cos 2θ intensity law and are found to be
0.876 V (0.385 V) at θ = 0°, 180°, 360°; 0.448 V (0.202 V) at θ = 45; 0.422 V (0.208 V) at θ = 135; 0.026 V
(0.029 V) at θ = 90 , 270 . Additionally, the degree of linear polarization (DoLP) can be calculated by
S12 + S22 /S0, where S0 = I0 + I90, S1 = I0 − I90, S2 = I45 − I135 (Iθ is the intensity of polarized light at θ,
so it can be considered as the averaged output voltage Vθ), in case that the circularly polarized components can be
ignored (i.e., S3 =0)3,5. The DoLP of the double (single)-layer Au grating structure is ~0.94 (0.86) with S0 = ~0.90
(0.41), S1 = ~0.85 (0.36), S2 = ~0.027 (−0.006). We find that the extinction ratio (Vθ=0/Vθ=90) using the captured
IR images (i.e., measured output voltages shown in Fig. 6) is obtained with ~14 and ~86 for the single- and the
double-layer Au grating structures, respectively. The captured IR images (Fig. 5b) and extracted output voltages
(Fig. 6) confirm that the double-layer Au grating structure provides a superior ability to detect the target with
linear polarization states, which can be achieved by the enhanced TM transmission (θ = 0°) due to FP cavity resonance and by the highly reduced TE transmission (θ = 90°) due to the stacking of the subwavelength gratings.
Moreover, the IR radiant flux (Pin) incident onto the camera was calculated using the following equation to
anticipate the measured output and further details on the calculated data are presented in Fig. S3 (Supplementary
Information).
Pin =

ABB Agrating
πR 2

∫λ

λ2
1

M(λ, T ) ⋅ TWGP(λ) ⋅ Tgrating (λ)dλ

(3)

where ABB and Agrating are the aperture area of the blackbody and the sample area, R is the distance between the
blackbody and the MWIR camera, TWGP is the transmission of the wire grid polarizer, and Tgrating is the simulated
transmission of double (single)-layer Au grating (with the geometrical dimensions of fabricated samples). The
spectral radiant exitance of the blackbody, M(λ, T ) is given by M (λ, T ) = C1/λ5(exp(C 2/λT ) − 1), where
C1 = 3.74697 × 10−16 W ⋅ m2 , C 2 = 1.43941 × 10−2 mK , and T is the blackbody temperature of 300 °C.
M ⋅ TWGP ⋅ Tgrating was integrated over the MWIR range, i.e., λ1 = 3 μm and λ2 = 5 μm in equation (3). The overall
agreement between the experiment (measured output voltage) and the calculated IR radiant flux (Pin) is apparent
from Fig. 6.

Conclusion

We have nanoimprint-lithographically fabricated a highly polarization-sensitive, dielectric cavity bounded
between two layers of gold grating. The architecture of the double-layer Au grating brings the advantages of stacking 1D subwavelength gratings, such as the sequential attenuation of the linearly polarized light parallel to the
grating direction (TE or θ = 90), while maintaining the advantages of an optical cavity exhibiting FP resonance
modes, such as the enhanced transmission of linearly polarized light perpendicular to the grating direction (TM
or θ = 0). The ratio of TM- to TE-transmitted light intensity for the double-layer grating structure is experimentally × 8 higher in the MWIR region as compared to the single-layer Au grating. This FTIR-measurement result is
supported by the multiple-layer model based on a transfer matrix method. To demonstrate the capability to sense
a linearly-polarized target, the radiometric characterization of the double-layer Au grating sample has been
undertaken using a blackbody source along with a commercial wire-grid polarizer and a metal target. As a result,
the ratio of Vθ=0 to Vθ=90 is significantly enhanced by more than 600%. Our findings suggest that the double-layer
Au grating structure is very promising as a superior microgrid polarizer for the next generation high-performance
polarimetric imaging systems.

References

1. Rogalski, A. Next decade in infrared detectors. Electro-Optical Infrared Syst. Technol. Appl. XIV 100, https://doi.
org/10.1117/12.2300779 (2017).
2. Short, N., Hu, S., Gurram, P., Gurton, K. & Chan, A. Improving cross-modal face recognition using polarimetric imaging. Opt. Lett.
40, 882–885 (2015).
3. Tyo, J. S., Goldstein, D. L., Chenault, D. B. & Shaw, J. A. Review of passive imaging polarimetry for remote sensing applications. Appl.
Opt. 45, 5453–5469 (2006).
4. Felton, M., Gurton, K. P., Pezzaniti, J. L., Chenault, D. B. & Roth, L. E. Measured comparison of the crossover periods for mid- and
long-wave IR (MWIR and LWIR) polarimetric and conventional thermal imagery. Opt. Express 18, 15704–13 (2010).
5. Gurton, K. P., Yuffa, A. J. & Videen, G. W. Enhanced facial recognition for thermal imagery using polarimetric imaging. Opt. Lett.
39, 3857 (2014).
6. Chen, H. & Wolff, L. Polarization phase-based method for material classification and object recognition in computer vision.
Photonics East’95 28, 128–135 (1996).
7. Ekinci, Y., Solak, H. H., David, C. & Sigg, H. Bilayer Al wire-grids as broadband and high-performance polarizers. Opt. Express 14,
2323–2334 (2006).
8. Gruev, V., Perkins, R. & York, T. CCD polarization imaging sensor with aluminum nanowire optical filters. Opt. Express 18,
19087–19094 (2010).
9. Collin, S., Pardo, F., Teissier, R. & Pelouard, J.-L. Strong discontinuities in the complex photonic band structure of transmission
metallic gratings. Phys. Rev. B 63, 033107 (2001).
10. Zhang, M., Wu, X., Cui, N., Engheta, N. & Van Der Spiegel, J. Bioinspired focal-plane polarization image sensor design: From
application to implementation. Proc. IEEE 102, 1435–1449 (2014).
11. Zhao, X., Boussaid, F., Bermak, A. & Chigrinov, V. G. High-resolution thin ‘guest-host’ micropolarizer arrays for visible imaging
polarimetry. Opt. Express 19, 5565–5573 (2011).
12. Sasagawa, K. et al. Image sensor pixel with on-chip high extinction ratio polarizer based on 65-nm standard CMOS technology. Opt.
Express 21, 11132 (2013).

ScIEntIfIc RePOrts | (2018) 8:14787 | DOI:10.1038/s41598-018-32158-y

7

www.nature.com/scientificreports/
13. Sarkar, M. et al. A biologically inspired CMOS image sensor for polarization and fast motion detection. J. IEEE Sensors 13,
1065–1073 (2011).
14. Park, H. & Crozier, K. B. Elliptical silicon nanowire photodetectors for polarization-resolved imaging. Opt. Express 23, 7209 (2015).
15. Garcia, M., Edmiston, C., Marinov, R., Vail, A. & Gruev, V. Bio-inspired color-polarization imager for real-time in situ imaging.
Optica 4, 1263 (2017).
16. Maruyama, Y. et al. 3.2-MP Back-illuminated polarization image sensor with four-directional air-gap wire grid and 2.5-μm pixels.
IEEE Trans. Electron Devices 65, 2544–2551 (2018).
17. Chan, H. B. et al. Optical transmission through double-layer metallic subwavelength slit arrays. Opt. Lett. 31, 516–8 (2006).
18. Motogaito, A., Nakajima, T., Miyake, H. & Hiramatsu, K. Excitation mechanism of surface plasmon polaritons in a double-layer wire
grid structure. Appl. Phys. A Mater. Sci. Process. 123, 1–5 (2017).
19. Estruch, T. et al. Perfect extinction in subwavelength dual metallic transmitting gratings. Opt. Lett. 36, 3160 (2011).
20. Wang, R. et al. Subwavelength Gold Grating as Polarizers Integrated with InP-Based InGaAsSensors. ACS Appl. Mater. Interfaces 7,
14471–14476 (2015).
21. Chen, H. T. et al. Antireflection coating using metamaterials and identification of its mechanism. Phys. Rev. Lett. 105, 1–4 (2010).
22. Sun, J., Liu, L., Dong, G. & Zhou, J. An extremely broad band metamaterial absorber based on destructive interference. Opt. Express
19, 21155 (2011).
23. Bhattarai, K. et al. A Large-Area, Mushroom-Capped Plasmonic Perfect Absorber: Refractive Index Sensing and Fabry-Perot Cavity
Mechanism. Adv. Opt. Mater. 3, 1779–1786 (2015).
24. Jeon, J. et al. A Low-loss Metasurface Antireflection Coating on Dispersive Surface PlasmonStructure. Sci. Rep. 6, 1–10 (2016).
25. Bhattarai, K. et al. Metamaterial Perfect Absorber Analyzed by a Meta-cavity Model Consisting of Multilayer Metasurfaces. Sci. Rep.
7, 1–9 (2017).
26. CST Microwave Studio: A numerical simulation software for electromagnetic computing, Computer Simulation Technology GmbH,
Darmstadt, Germany. https://www.cst.com/.
27. Zhen, G., Zhou, P., Luo, X., Xie, J. & Deng, L. Modes Coupling Analysis of Surface Plasmon Polaritons Based Resonance
Manipulation in Infrared Metamaterial Absorber. Sci. Rep. 7, 1–8 (2017).
28. Jang, W.-Y. et al. Experimental Demonstration of Adaptive Infrared Multispectral Imaging using Plasmonic Filter Array. Sci. Rep. 6,
34876 (2016).
29. Wadsworth, S. L., Clem, P. G., Branson, E. D. & Boreman, G. D. Broadband circularly-polarized infrared emission from multilayer
metamaterials. Opt. Mater. Express 1, 466 (2011).

Acknowledgements

The KRISS portion of this work was supported by Nano·Material Technology Development Program through the
National Research Foundation of Korea (NRF) funded by Ministry of Science and ICT (2018M3A7B4069994), the
KRISS grant GP2018-0023 and the AOARD grant FA2386-14-1-4094 funded by the U.S. government (AFOSR/
AOARD). The HU portion of this work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (NRF-2016R1A2B4011706). The IUPUI portion of this work
was supported by US Air Force Research Lab through the contract FA8650-18-C-5414 and UES S-114-005-003.
The USF portion of this work was supported by the Alfred P. Sloan Research Fellow grant FG-BR2013-123, the
KRISS grant GP2018-0023 and the AOARD grant FA2386-18-1-4104 funded by the U.S. government (AFOSR/
AOARD). The Use of the Center for Nanoscale Materials at Argonne National Laboratory, an Office of Science
user facility, was supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences,
under Contract No. DE-AC02-06CH11357.

Author Contributions

J.H., B.O., D.C. and J.E.R. fabricated the grating samples. J.H., B.O. and J.E.R. conducted the FTIR-measurement.
J.H., B.O. and J.O.K. carried out the IR imaging experiment. J.H., S.S., J.Z and Z.K. developed the multiple-layer
model and performed the numerical simulations. J.H., B.O., Y.K., E.K.K., A.U., J.Z., Z.K. and S.J.L. analyzed the
theoretical and experimental results. J.H., Y.K., J.Z. and Z.K. wrote the manuscript. Z.K., J.Z. and S.J.L. supervised
the work.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32158-y.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2018

ScIEntIfIc RePOrts | (2018) 8:14787 | DOI:10.1038/s41598-018-32158-y

8

